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L-Glutamate (Glu)-induced current responses were studied in 119 isolated OFF-type bipolar cells of 
the cat retina. Cells were recorded by the patch clamp technique in the whole-cell configuration. 
Gin induced a current carried by alkali metal ions and divalent cations with a permeability ratio of 
PNi: PK: Pcs: Pca = 1:0.94:1.32 : 0.57. Sensitivity to Gin was highest in the dendritic region. 
Kainate and AMPA worked as potent agonists, but neither APB, L-aspartate, ACPD, nor NMDA 
(all at 100/~M) was effective. The Gin-induced response was antagonized by • 1/~M CNQX. We 
inferred that OFF-type bipolar cells have a non.NMDA receptor channel that is permeable to alkali 
metal ions with low selectivity, but not NMDA receptor or metabotropic Gin receptor. 
L-Glutamate OFF-bipolar cell AMPA receptor Retina 
INTRODUCTION 
L-glutamate (Glu) is now widely accepted as the 
transmitter released by photoreceptors (Ayoub, Koren- 
brot & Copenhagen, 1989; Copenhagen & Jahr, 1989). It 
has been shown that Glu induces two types of responses 
in bipolar cells; hyperpolarization in ON-type bipolar 
cells and depolarization in OFF-type bipolar cells 
(Murakami, Ohtsuka & Shimazaki, 1975; Kaneko & 
Shimazaki, 1976). In ON-type bipolar cells it has been 
postulated that Glu activates aminophosphono butyric 
acid (APB)-sensitive mellabotropic Glu receptor. This 
reaction, after the G-protein-mediated enzyme cascade, 
ends up in the reduction of cytoplasmic GMP and 
closure of cGMP-activated cation channels (Attwell, 
Mobbs, Tessier-Lavigne & Wilson, 1987; Nawy & Jahr, 
1990; Shiells & Falk, 1990, 1992a,b; Yamashita & 
W~issle, 1991; Villa, Kurahashi & Kaneko, 1995). Thus, 
Glu reduces membrane conductance in ON-type bipolar 
cells. On the other hand, Glu-induced responses of OFF- 
type bipolar cells are accompanied by an increase in 
membrane conductance, ~md cytoplasmic cGMP is not 
required (Attwell et al., 1987, Hirano & MacLeish, 1991; 
Villa et al., 1995). Therefore, an entirely different 
mechanism seems to be operating in OFF-type bipolar 
cells. 
By using isolated bipolar cells Yamashita nd W/issle 
(1991, rat) and Villa et al. (1995, cat) analyzed Glu- 
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induced responses using patch clamp technique. In the 
mammalian retina, rods and cones drive a separate set of 
bipolar cells; rod-driven bipolar cells are all ON-type 
(Dacheux & Raviola, 1986), while cone-driven bipolar 
cells are either ON-type or OFF-type. Because more than 
90% of bipolar cells of the rat and cat retina are rod 
bipolar cells (Greferath, Grtinert & W/issle 1990; Suzuki 
& Kaneko, 1991), their analysis was focused mainly on 
ON-type cells, and detailed studies on OFF-type cells are 
still very limited. OFF-type bipolar cells have been 
studied in the lower vertebrates (Attwell et al., 1987; 
Gilbertson, Scobey & Wilson, 1991; Hirano & MacLeish, 
1991), but bipolar cells of the lower vertebrates receive 
mixed rod and cone inputs, contrary to mammals. It is the 
aim of the present study to examine the postsynaptic 
properties of cone-driven OFF-type bipolar cells of the 
cat retina in more detail. 
METHODS 
Enzymatic dissociation 
Bipolar cells were enzymatically dissociated from the 
retina of young adult cats (1-1.5 kg) by the methods 
described by Villa et al. (1995). Animals were handled 
according to the statement for the use of animals by the 
American Physiological Society. In short, dark-adapted 
cats were deeply anesthetized with diethyl-ether and 
sacrificed by cervical dislocation. To obtain a higher 
population of cone bipolar cells, the central retina 
(approximately 4mm in diameter) was selected and 
incubated for 20-50 min in an oxygenated L-15 medium 
(Gibco) containing papain (Worthington 5-15 U/ml) and 
cysteine (Sigma, 0.1mg/ml) at 28°C. Duration of 
incubation and concentration of papain were adjusted 
empirically. After rinsing the retina with papain-free 
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FIGURE 1. Solitary bipolar cells dissociated from the cat retina. (A) Rod bipolar cell. (B) Cone bipolar cell showing inward 
current to Glu. Note the difference ofsoma size and axon length. Scale bar 10/tin. 
Hanks' solution (in mM 135 NaC1, 5 KC1, 1 MgC12, 2 
CaCI2, 10 HEPES, 10 glucose, pH adjusted to 7.4 with 
NaOH) containing bovine serum albumin (BSA), the 
retina was triturated gently with a large bore (inner 
diameter 1.5mm) Pasteur pipette. To facilitate cell 
anchoring the bottom of the culture dish was made of a 
cover glass coated with concanavalin-A (con-A) by the 
following procedure. A drop of con-A (Sigma, C2010) 
solution (0.1 mg/ml of 1 M NaC1) was placed on the 
cover glass for 20 min, after which the dish was washed 
thoroughly with distilled water three times. The dish was 
air-dried and used. Although con-A is known to block 
kainate receptor desensitization (O'Dell & Christensen, 
1989; Huettner, 1990), thorough washout as described 
above may have removed free con-A so that it is unlikely 
that con-A comes out into the superfusate atan effective 
concentration (10 nM; O'Dell & Christiansen, 1989). An 
aliquot of dissociated cell suspension was put on the 
culture dish, where 3ml L-15 medium was added. 
Culture dishes containing dissociated cells were stored 
gently at 4°C for 1--8 hr before recording during which 
cells attached to the cover slip. Recordings were made at 
room temperature (19-22°C). Dissociation yielded a 
mixture of retinal cells, but bipolar cells were identified 
easily by their characteristic morphology (Fig. 1). 
Recording procedure 
Cells were recorded using the patch clamp technique in 
the whole cell configuration (Hamill, Marty, Neher, 
Sakmann & Sigworth, 1981) under visual guidance 
by an inverted microscope with a phase-contrast or 
Nomarski optics (TMD, Nikon, Tokyo, Japan). Each cell 
was photographed before recording. Patch pipettes (1/~m 
i.d. and 3 ~m o.d. at the tip) were made of Pyrex capillary 
on a two-step uller (PP-83, Narishige Scientific Instru- 
ment, Tokyo, Japan). Pipettes were filled with a solution 
containing (in mM) 120 CsCI or KC1, 0.5 CaC12, 1 
MgC12, 5 ethylene glycol-bis (fl-aminoethyl ether) 
-N,N,N',N'-tetraacetic acid (EGTA), 10 HEPES, 2 
Na2ATP, 0.1 Na3GTP and 1 Na-cGMP (pH 7.2, titrated 
with CsOH or KOH). cGMP was added to the pipette 
solution to identify ON-type bipolar cells in which cGMP 
induced a sustained inward current (Villa et al., 1995). In 
OFF-type cells no sustained current was induced. High 
Cs pipette solution was used to block voltage-gated K ÷ 
currents (P. Villa, A. Kaneko & T. Kurahashi, unpub- 
lished observation). The pipette resistance in the bath 
solution was approximately 20MQ. The recording 
pipette was connected to a low-noise current-voltage 
converter (CEZ-2100, Nihon Kohden, Tokyo, Japan). 
Data were sampled at 0.2-10 kHz and digitized by a 12- 
bit A/D converter connected to a microcomputer (PC- 
9801RX, NEC, Tokyo) after low pass filtered by an 8- 
pole Bessel filter (FV-625A, NF Circuit Design Block 
Co., Yokohama, Japan) with a cut-off frequency set 
properly for each sampling rate. The stored data were 
analyzed off-line by a work station (VAX 3100, Digital 
Equipment, Maynard, MA, U.S.A.). Liquid junction 
potentials at the pipette tip and at the ground electrode 
were measured as described previously (Kaneko & 
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Tachibana, 1986), and the membrane potentials were 
corrected for the junction potential. 
Perfusion and drug application 
Sodium L-glutamate was dissolved in an appropriate 
extracellular solution and applied by pressure jection or 
rapid superfusion using U-tube system developed in our 
laboratory (Suzuki, Tachibana & Kaneko, 1990). To 
ionophorese Glu, 1 M Na-glutamate was dissolved in 
water and filled in a high-resistance (approximately 
100Mfl) pipette with a fine tip (<0.1/~m). The Glu 
pipette was positioned close to the surface of a bipolar 
cell. Glu was ejected by passing a brief negative current 
pulse ( -  1 to - 35 nA). A small brake current (+ 3 to 
+ 5 nA) prevented a leakal,~e ofGlu. For pressure jection, 
Hanks' solution containing 100-300 #M Glu was filled in 
a glass pipette (i.d., approximately 5/~m) positioned 
approximately 20 #m away from the cell surface. The 
pipette content was ejected by pressure (0.4kg/cm 2)
applied to the back opening of the puff pipette. To avoid 
leakage of the test substance from the puff pipette, aweak 
constant negative pressure was applied to the puff pipette. 
~-Amino-3-hydroxy-5-methyl-4-isoxazole propionate 
(AMPA), kainate, N-methyl-D-aspartate (NMDA), gly- 
cine, D-aspartate, (1S, 3R)-l-aminocyclopentane-l,3- 
dicarboxylate [(1S, 3R)-ACPD] and APB (all purchased 
from Sigma) were applied by rapid superfusion. Results 
of each experiment presented in this report were obtained 
from at least three cells. 
RESULTS 
Identification of OFF-type bipolar cells 
Immunoreactivity to an antibody against protein kinase 
C (PKC) is known to be a reliable marker for the rod- 
driven bipolar cells (Negishi, Kato & Teranishi, 1988; 
Greferath et al., 1990; Suzuki & Kaneko, 1991)which are 
shown to respond to light with depolarization (ON 
response) in the rabbit retina (Dacheux & Raviola, 1986). 
In a preceding publication from our laboratory (Villa et 
al., 1995), we reported that the majority of isolated 
bipolar cells showing a Glu-induced outward current 
reacted with the anti-PKC antibody. Since OFF-type 
bipolar cells are depolarized by glutamate (Murakami et 
al., 1975; Kaneko & Shimazaki, 1976), it is expected that 
Glu induces an inward current response in OFF-type 
cells. In the immunoreactivity study Villa et al. (1995) 
also found that none of the cells showing Glu-induced 
inward current had a positive PKC-immunoreaction. 
Based on these observations we identified cells showing 
Glu-induced inward current as OFF-type bipolar cells in 
the present study. 
Cell morphology was also a helpful criterion for 
selecting OFF-type bipolar cells. In Golgi-stained cat 
retina it has been described that OFF-bipolar cells have 
relatively large soma (approximately 7-8/~m in dia- 
meter), thick dendrites and short axons (Boycott & Kolb, 
1973; McGuire, Stevens & Sterling, 1984). When we 
sampled bipolar cells according to these morphological 
criteria, we were able to record Glu-induced inward 
current at a higher rate (54%) than the chance rate 
(population of OFF bipolar cell is less than 10%, 
Greferath et al., 1990; Suzuki & Kaneko, 1991). 
Throughout the experiment we screened 1196 cells in 
total, of which 119 cells (10%) responded to100 #M Glu 
with an inward current (holding voltage, -46  mV). 
Figure 1 shows sample photomicrographs of cells 
showing an outward current [ON-type bipolar cell, Fig. 
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FIGURE 2. Glutamate-induced responses in isolated OFF-type bipolar cells. (A) Currents induced in an isolated OFF-type 
bipolar cell by variou.s concentrations of Gin (5-100 #M) applied by a U-tube microperfusion system. Holding potential, 
- 46 inV. The timing of Gin application was indicated by horizontal bars. (13) Normalized ose-response relation of Gin. Initial 
peak amplitudes were measured at a holding potential of - 46 mV in a group of cells and averaged. Error bar represents SD. 
Number of measured cells are indicated in parentheses. Data points were fitted by least square method to a Hill equation with a 
coefficient of 1.8 and EC5o of 12 #M (continuous line). 
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Spatial distribution of Glu sensitivity 
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FIGURE 3. Spatial distribution of sensitivity to Glu. Responses of an isolated OFF-type bipolar cell to Glu applied 
ionophoretically ( -  35 nA, 50 msec: brake current 5 nA) to various regions of the cell. The tip of the pipette filled with 1M Glu 
was positioned, under visual control, a few/tm away from the cell membrane as indicated by arrows. Holding potential, 
- 46 inV. Transients in response traces are capacitive artifacts of ionophoretic current. 
I(A)] and an inward current [OFF-type bipolar cell, Fig. 
I(B)]. 
Dose--response relation 
The Glu-induced inward current was dose-dependent 
(Fig. 2). The lowest Glu concentration giving a detectable 
effect was in the order of the few micromolar. Figure 
2(B) illustrates a dose-response curve collected from 
nine cells. Here, the response amplitude to a given 
concentration is expressed as a relative value to that 
evoked by the saturating concentration (100/~M) of Glu 
[Fig. 2(B)]. The dose-response curve was sigmoidal, and 
could be fit with a Hill equation with a coefficient of 1.8 
and an ECso of approximately 12/~M. 
At lower concentrations (<5 #M) of Glu the response 
was sustained and did not show a sign of desensitization 
during a 2-4 sec application [Fig. 2(A)]. During 
maintained application of Glu at higher (>100#M) 
concentrations, the response showed a sag, indicating a 
sign of desensitization. The sign of desensitization was 
detected more clearly when Glu was applied by 
ionophoresis (Fig. 3). 
Distribution of Glu sensitivity 
Distribution of Glu sensitivity was mapped by 
applying a small amount of Glu ionophoretically to 
restricted areas of the cell surface. As shown in Fig. 3, 
when Glu was applied to a dendritic region, responses 
with a large amplitude and a steep onset were generated. 
Note that the response amplitude decreased uring 
sustained application of Glu (onset and offset of 
ionophoresis i  indicated by capacitive artifacts of the 
record) suggesting desensitization. When the same 
amount of Glu was applied to the soma, the response 
amplitude was smaller, and the onset was slower. 
Application to the axon or axon terminal was ineffective. 
These observations suggest that the dendritic region was 
the most sensitive to Glu, and that the response seen at the 
soma was generated by Glu diffused from the somatic 
region to more sensitive dendritic regions. Similar results 
were obtained in 13 cells. 
Response of OFF-type bipolar cells to Glu agonist and 
antagonist 
To characterize the Glu receptor of OFF-type bipolar 
cells, various Glu agonists and antagonists were tested by 
bath application (Fig. 4). Kainate (20 #M) and AMPA 
(100/~M) evoked an inward current response, but neither 
NMDA, APB, L-aspartate nor (1S, 3R)-ACPD (all at 
100#M) was effective. NMDA and L-aspartate were 
tested in the presence of 5 ~M glycine in Mg2+-free 
solution. Absence of NMDA response was further 
supported by an observation that addition of 50/tM of 
DL-2-amino-5-phosphonoheptanoate (AP-7), a competi- 
tive NMDA antagonist, did not affect the Glu-induced 
responses of OFF bipolar cells (data not shown). Contrary 
to bipolar cells, horizontal cells found in the same culture 
dish responded to 100 pM NMDA in the presence of 
5 #M glycine in Mg2+-free medium (data not shown). 
This is another piece of evidence indicating that OFF- 
type bipolar cells of the cat retina do not have an NMDA 
receptor. 
Addition of 6-cyano-7-nitroquinoxaline-2,3-dione 
(CNQX), an antagonist of the non-NMDA receptor 
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FIGURE 4. Effect of Glu agonists and antagonists on isolated OFF-type bipolar ceils. (A) Response to 20 ~tM kainate, 100 #M 
AMPA, 100/tM Glu, 100/t NMDA, 100/~ APB, 100 #M L-aspartate and 100 #M (1S,3R)-ACPD, each bath applied. Horizontal 
bars indicate timing of drug applications. When NMDA or L-aspartate was applied, extracellular solution contained 5/~M 
glycine and no magnesium ion. Holding potential, - 46 inV. (B) Effects of 1/~M CNQX on the dose-response relationship of 
Glu applied ionophoretically. Peak amplitude of Glu-induced current was plotted on a semilogarithmic co-ordinate. The dose of 
Glu is expressed by the amount of charge passed through the ionophoretic pipette. The current intensity was varied in the range 
of 0 -35  nA. Pulse duration was 200 msec. Brake current, 5nA. Holding potential, - 46 mV. (©), Control; (<>) in the presence 
of 1 #M CNQX; (I7) after washout. Data points were fitted by least square method to a Hill equation. 
channel (Honor6, Davies, Drejer, Fletcher, Jacobsen, 
Lodge & Nielsen, 1988), suppressed the Glu-induced 
current. Figure 4(B) illustrates that bath-applied CNQX 
(1/~M) partially (about 50%) suppressed the Glu-induced 
current, and shifted the dose-response curve for Glu to 
higher dose directions. If applied at 5 #M, CNQX 
suppressed the Glu-induced current almost completely 
(data not shown). All these observations uggest hat 
OFF-type bipolar cells have a non-NMDA receptor, but 
not NMDA or metabotropic receptors. 
IONIC  MECHANISM OF  THE RESPONSE 
To examine the species of ions that carry the Glu- 
induced current in the OFF-type bipolar cell, the relation 
between the current amplitude and the membrane 
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FIGURE 5. (A) The relation between Glu-induced current and the membrane potential. An isolated OFF-type bipolar cell was 
superfused with Hanl~¢ solution (see Methods). Patch pipette was filled with the solution containing 120 ram CsCI. Holding 
potentials are indicated to the left of each current races. Glu was applied ionophoretically ( - 35 nA, 50 msec; brake current 
5 nA) to the dendritic region. Transients in response traces are capacitive artifacts of ionophoretic current. (B) Current-voltage 
relationship of Ghi-induced response obtained from a different cell. 
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FIGURE 6. Effect of [Na+]o n the Glu-induced current. (A) Relations between Glu-induced current and holding potentials were 
obtained in 135 mM (O), 45 mM (D) and 2 mM (0)  [Na+]o. Na + was replaced with choline. Glu was applied ionophoretically 
( -  35 nA, 50 msec; brake current, 5 nA) to a dendritic region. (B) Relationship between [Na÷]o and the reversal potential. Mean 
and SD of reversal potentials obtained from a group of cells, the number of which are indicated in parentheses. Na+ was replaced 
with choline ((i)) or with sucrose (I7). Dotted line has a slope of 57 mV per 10 times [Na÷]o change. 
potential was examined under various ionic conditions• In 
Hanks' solution, the current amplitude was reduced as the 
holding voltage was shifted from -76  mV to more 
positive values, and the response became undetectable at
around 0 mV. At positive membrane voltages the polarity 
of the current reversed to outward [Fig. 5(A)]. The 
current-voltage (I-V) relation was slightly outward 
rectifying [Fig. 5(B)]. Similar I-V relations were 
obtained either in the presence or absence of Mg 2÷ in 
the superfusate, again confirming that NMDA receptor 
channels are not involved. 
Na ions 
We next studied the effect of extracellular Na ÷ 
concentration ([Na+]o) on the reversal potential and 
amplitude of the Glu-induced current. When [Na+]o was 
reduced by replacing with choline, the amplitude of the 
Glu-induced current was attenuated and the reversal 
potential was shifted to more negative voltages [Fig. 
6(A)]. The reversal potential was --1.9 + 2.8 mV in 
135 mM [Na+]o (mean -4- SD, n = 17), - 18.3 + 5.5 mV 
in 45 mM [Na÷]o (n = 3), - 24.3 -4- 4.1 mV in 15 mM 
[Na+]o (n = 3), and - 26.5 -4- 4.7 mV in 2 mM [Na+]o 
(n = 5). The reversal potential of the Glu-induced current 
closely matched the equilibrium potential for Na + [ENa, 
Fig. 6(B), broken line] when [Na+]o was higher than 
45 mM, but deviated from Erqa when [Na÷]o was low. 
These results indicate that Na ÷ is the major ionic species 
carrying the Glu-induced current in high Na + extra- 
cellular ionic environment, but other ions also contribute 
to the generation of the Glu-induced current in low [Na+]o 
condition• It seems that choline + is also permeable 
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FIGURE 7. Effect of  [Ca2+]0 to the Glu-induced current. (A) I-V relation of Glu-induced current obtained in 2 and 10 mM 
2+ + 2+ [Ca ]o in the presence of 90 mM [Na ]o. Ca was replaced by choline. Glu was applied by ionophoresis. (B) I-V relation of 
z+ + 2+ + Glu-induced current obtained in 2, 15 and 50 mM [Ca ]o in the presence of 2 mM [Na ]o. Ca were replaced with Tris . Glu 
2+ z+ + was applied by ionophoresis. (C) Relation between the reversal potential and [Ca ]o. Ca were replaced by Tris . The number 
of recorded cells is shown in parentheses. 
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FIGURE 8. Effect of [K+]o on the Glu-induced response. (A) [K+]o was changed from 5 mM (O) to 25 mM (O) in the presence 
of 2 mM Na +. Glu was applied by ionophoresis. K ÷ were replaced with Tris ÷. (B) Relation between the reversal potential and 
[K+]o. Numbers of recorded cells are shown in parentheses. 
through the Glu-activated channel to some extent, 
because the amount of shift of the reversal potential 
was larger when the extracellular Na ÷ was replaced by 
sucrose [O, Fig. 6(B)] than when it was replaced by 
choline [O, Fig. 6(B)]. 
Ca ions 
The effect of extracellular calcium was found to be 
two-fold. When [Na+]o was higher than 90 mM, elevation 
of [Ca2+]o from 2 mM to 10 mM resulted in the reduction 
of the amplitude of Glu-induced current to 59 + 8%, 
(holding voltage = - 76 mV, n = 3), but the reversal 
potential remained unchanged [Fig. 7(A)]. It seems 
likely that Ca 2÷ interrupted the permeation of Na + 
through the Glu-activated channel. On the other hand, 
in 2 mM [Na+]o (Na + replaced by Tris+), an increase in 
[Ca2+]o shifted the reve:rsal potential to more positive 
voltages [Fig. 7(B)]. The reversal potential was 
- 25.7 -4- 2.8 mV in 2 mM [Ca2+]o (n = 9), - 18.0 + 
3.0 mV in 10 mM [Ca2÷]o (n = 8), and - 2.3 + 1.7 mV in 
50 mM [Ca2+]o (n = 4) [Fig. 7(C)]. These results indicate 
that Ca z+ can pass through the Glu-activated channel. 
When Ca 2÷ was replaced with Mg 2+, similar reversal 
potential values were obtained if measured in low [Na+]o 
environment ( -25 .3  ±1.2 mV for 2mM Mg 2+, n = 3), 
suggesting that Mg 2÷ can also permeate through the Glu- 
activated channel. Dual effects of Ca 2÷ on the Glu- 
induced current has been reported in the crayfish muscle 
fiber (Onodera & Takeuchi, 1976). 
K ion 
The permeability of K + to the Glu-activated channel 
was examined in the experiments in which extracellular 
Na ÷ was replaced by Tris ÷ (Fig. 8). In 90 mM [Na÷]o an 
increase of [K+]o from 5; mM to 25 mM did not change 
either the amplitude or the I-V relation of the Glu- 
induced current. In 2 mM [Na÷]o however, an increase in 
[K÷]o from 5 to 25 mM resulted in an increase in ampli- 
tude and a shift of the reversal potential from - 29.0 4- 
4.2 mV (n = 5) to - 14.0 + 3.5 mV (n = 3) [Fig. 8(B)]. 
These results indicate that K ÷ also can go through the 
Glu-activated channel. 
CI ion 
No significant changes in the amplitude or the reversal 
potential were observed even after most C1- were 
replaced with methanesulphonate (not illustrated). Thus, 
we inferred that the Glu-activated channels do not 
permeate CI- .  
Comparison of permeability of various cations 
To examine the relative permeability of various 
cations, reversal potentials were measured in approx- 
imate bi-ionic conditions (see Hille, 1992). The extra- 
cellular medium contained one of various cations, Na ÷, 
K ÷, Cs + or Ca z+. The concentration of the monovalent 
cation was 120 mM, and the Ca 2+ concentration was 
80 mM. The pipette solution contained 120 mM Cs ÷. The 
reversal potential obtained under each of these conditions 
was - 8.4 -4- 1.5 mV for K + (n = 5), - 7.0 -t- 1.4 mV for 
Na ÷ (n=4), 1 .7+0.6mV (n=3) for Ca 2÷ and 
0.3 4- 2.5 mV (n = 3) for Cs ÷. These results suggest that 
the Glu-activated channel is a cationic channel with low 
selectivity to alkali metal ions. The relative permeability 
of monovalent cations was calculated from the equation, 
RT Pa~A]o 
Erev =-'if- In Pb[B]i 
and the relative permeability of Ca 2÷ was calculated by 
RT 4Pca[Ca]o 
Erev =-  In 
2F ecs[Cs]i 
where Erev represents he reversal potential, A and B the 
ionic species, Px relative permeability of ion X, T and R 
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physical constants. The permeability ratio of various 
cations was estimated to be 
PNa:PK:PCs:Pca = 1:0.94:1.32:0.57. 
DISCUSSION 
The present study demonstrated that Gin increased a 
non-selective cation conductance in the OFF-type bipolar 
cells of the cat retina. Bipolar cells of the cat retina 
contain a large population (approximately 90%) of rod 
bipolar cells and a small population of cone bipolar cells. 
Since photoreceptors release Glu in the dark, it has been 
expected that Glu induces an outward current (or a 
reduction of inward current) in ON-type cells, and an 
inward current in OFF-type cells. In a previous publica- 
tion from our laboratory we demonstrated that rod bipolar 
cells, identified by the immunoreactivity against protein 
kinase C antibody (PKC-IR, Greferath et al., 1990; 
Suzuki & Kaneko, 1991), are ON-type cells, while PKC- 
IR negative cone bipolar cells contain both ON-type and 
OFF-type cells (Villa et al., 1995). In ON-type cells, both 
rod bipolar and cone ON-type bipolar cells, Glu 
decreased a membrane conductance byclosing the cyclic 
GMP-activated cation channels. In OFF-type cells, as 
shown in the present study, Glu induced an increase in 
membrane conductance. 
Cone bipolar cells of the cat retina are morphologically 
characterized byrelatively shorter axon and larger soma 
than rod bipolar cells. Since cells cannot be identified 
either by the light-induced response or by PKC 
immunoreaction before electrophysiological recording, 
we selected OFF-type bipolar cells by using the 
morphological cue and the polarity of Gin-induced 
current. Morphological selection was useful and we 
picked OFF-type cells at a rate higher (54%) than the 
chance rate (approximately 10%, Greferath et al., 1990; 
Suzuki & Kaneko, 1991). 
Higher sensitivity to Glu was found in the dendritic 
region of OFF-type bipolar cells. Cone bipolar cells make 
synapses with cone photoreceptors at the dendritic tips 
(Boycott & Kolb, 1973; McGuire et al., 1984). The 
present finding suggests that Glu receptors are localized 
to the dendritic region, situated highly strategically to 
receive incoming signals from the cone terminals, 
Similar distribution of Glu sensitivity has been seen in 
the tiger salamander retina (Gilbertson et al., 1991). The 
present finding also indicates that the distribution of 
transmitter receptors i maintained in freshly dissociated 
cells. In the mouse bipolar cell, higher sensitivity to 
GABA and glycine have been found in the axon terminal 
region (Suzuki et al., 1990). 
Glu receptors are classified into ionotropic and 
metabotropic receptors, both of them are further divided 
into many subtypes. Many of these receptors have been 
cloned (see review by Hollmann & Heinemann, 1994), 
but the function of some of these receptors are still open. 
From the functional point of view, receptor subtypes are 
characterized byselective pharmacological tools (Honofe 
et aL, 1988), ionic selectivity and voltage dependent 
block by Mg 2+ (Nowak, Bregestovski, Ascher, Herbet & 
Prochiantz, 1984; Mayer, Westbrook & Guthrie, 1984). 
The Gin receptor of OFF bipolar cells of the cat retina 
was classified as the non-NMDA type as in the OFF 
bipolar cells of the lower vertebrate (Gilbertson et al., 
1991). It was activated by either kainate, AMPA or Glu, 
but not by NMDA, APB, L-aspartate or ACPD. The Gin- 
induced response was blocked by CNQX, but not by AP- 
7, the blocker of NMDA-receptor. The Glu-activated 
channel of OFF-type bipolar cells has a high permeability 
to alkali metal ions as well as to Ca 2+, and ion selectivity 
is relatively low. Large size cations, such as choline + or 
Tris + seems to have some permeability. Anions do not 
permeate. The I-V relation of the Glu-induced current 
showed a weak outward rectification. It is tempting to 
find out which subtype of non-NMDA receptors exists in 
OFF-type bipolar cells of the cat retina, but our data are 
still insufficient to determine the molecular identity of the 
candidate receptor molecules (GIuR1 through GluR7). It 
is interesting to point out that a Ca permeability of the 
Glu receptor in the OFF-type bipolar cell (Pca/ 
PNa = 0.57) is close to the value reported for an edited 
form of GluR6 (Egebjerg & Heinemann, 1993), but it is 
not clear whether this agreement is simply a coincidence 
or the Glu receptor in the OFF-type bipolar cell is really 
an edited form of GIuR6. 
The Glu-induced current in OFF-type bipolar cells 
showed aweak desensitization when Glu was applied at a 
relatively high concentration (puffer application of 
> 100 #M Glu or ionophoretic application). Although it 
is known that con-A blocks desensitization of KA 
receptors (O'Dell & Christensen, 1989; Huettner, 
1990), it is unlikely that lack of a strong desensitization 
in Glu receptors of OFF-type bipolar cells is due to con-A 
lightly coated on the bottom of the dish, because con-A 
was thoroughly washed out before dissociated cells were 
placed into the dish and the medium was rapidly 
exchanged by continuous uperfusion. Desensitization 
to a transmitter affects the response dynamics of 
postsynaptic cells by high pass filtering the input signals. 
Due to technical difficulties no intracellular recordings of 
light-evoked responses have been recorded from OFF- 
type bipolar cells of the cat retina. If we compare the 
light-evoked responses of ON-type bipolar and OFF-type 
bipolar cells of the goldfish retina (Kaneko, 1970), 
responses of OFF-TYPE cells are always faster and more 
transient. If we extrapolate our findings on cat OFF-type 
bipolar cells to goldfish bipolar cells, such fast response 
kinetics and the transient nature of the light-evoked 
response could be attributed, at least partly, to the 
difference in temporal characteristics of Glu-receptor 
channels of the two types of cells. 
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